The work describes a novel morphological form found in 5 species of Mollicutes: Mycoplasma hominis, M. fermentans, M. gallisepticum, M. pneumoniae, Acholeplasma laidlawii.
Introduction

Specific tests confirmed that MCs are formed by the same species which they were derived from
To prove that MCs belonged to the same species which they were derived from, we applied a number of tests including consecutive re-plating, immunostaining and additional PCR tests. Here results obtained with M. hominis H-34 culture and the MC culture described from H-34 with hyperimmune serum treatment are described. MC cultures obtained from clinical samples that gave a positive signal in the PCR test used for clinical sample characterization, demonstrated similar results as H-34 MCs. Moreover, similar results were obtained for all Mycoplasma species tested (data not shown).
We used method of direct fluorescence to stain the MC culture with M. hominis specific fluorescent labelled antiserum (see Materials and Methods). The MC culture gave positive signal in the direct fluorescence test (Fig. 4A) . The data were confirmed with epifluorescence methods (data not shown). Then we used a camel-derived nanoantibody aMh-FcG2a kindly provided by Dr. Burmistrova. aMh-FcG2a specifically recognizes M. hominis membrane ABC transporter substrate binding protein MH3620 of the phosphonate transfer system [19] . Lipid-associated membrane proteins were purified from the M. hominis H-34 TC culture and the corresponding MC culture obtained as described above and probed with aMh-FcG2a (Fig. 4B ). The MH3620 protein was revealed in both cultures.
We determined sequence of 16S rRNA on the DNA isolated from M. hominis H-34 TCs and corresponding MCs. Both TCs and MCs had identical 16S rRNA. Then, we applied PCR to reveal 4 housekeeping genes: alaS, secY, hsdR and lysS. The genes are located on the opposite sides of the M. hominis chromosome. Both TCs and MCs gave similar signals in PCR with all 4 primer pairs (data not shown) suggesting that MCs are formed by M. hominis.
Characterization of MC growth and morphology
We followed growth of the pure MC culture obtained from the M. hominis type strain H-34 by plasma treatment. MCs were re-plated by the block method. The first appearance of MCs started on the 4 th when they strongly resembled agar defects under the microscope with magnification 300x (Fig. 5) . On the 7 th day MCs were clearly visible as oval or elongated bumps.
Since 7 th up to 12 th day colonies increased in their size and took their final morphology. In contrast to round-shaped TCs, MCs had a form resembling a propeller or a spiral that made evident by the 12 th day. MCs kept growing after the 12 th day although changes in their size or morphology were rather minimal.
The scanning electron microscopy confirmed the propeller-shaped form of MCs (Fig.   5B ). Colony centers formed bulges that appeared to be submerged into agar. Under zoom, it is evident that both wings and a center of the propeller are formed by extended rods arranged in parallel and forming spiral forms. The average diameter of rods was about 100 nm, while the length ranged from 200 to 1000 nm with a predominance of 500-600 nm.
Biochemical characterization
Organisms included in Mollicutes are divided into two groups according to their ability to metabolize glucose which are fermenting and non-fermenting mycoplasmas [26, 27] . The nonfermenting species hydrolyze arginine. Tests for metabolism of glucose and arginine are the obligatory in mycoplasma characterization. The tests are based on the determination of color change of medium with pH indicator (phenol red) [13] . Particularly, glucose hydrolysis is a typical feature of M. pneumoniae. The color of the indicator when M pneumoniae TC culture was added changed from pink to yellow (Fig. 6) . In contrast to TCs, the MC colony culture did not change the medium color that suggested inability of MCs to hydrolyze glucose.
M. hominis is an arginine hydrolyzing species. Arginine hydrolase activity of the TC culture M. hominis changed the indicator medium color from yellow to red but no color change was observed for the corresponding MC culture (data not shown). Then we tested M. hominis H-34 MC growth in dependence on the presence of arginine. TCs and MCs were subjected multiple re-culturing on the medium supplemented or not with 1% arginine. In the absence of arginine, TCs were re-cultivated up to the 7 th passage to disappear at later passages. In contrast, MCs were viable up to 10 passages without noticeable changes in quantity and quality (data not shown).
Obtained results suggested that arginine requirements of MCs are lower than requirements of TCs.
Antibiotic resistance
Comparative resistance to antibiotics was tested for TCs and MCs. gallisepticum and A. laidlawii were low sensitive to norfloxacin, gentamycin and clarithromycin, and norfloxacin and doxycycline, respectively. Meanwhile, MCs of all species were resistant to all 9 antibiotics tested.
Moreover, when antibiotic supplemented broth cultures were seeded with the routinely cultivated cultures, TCs were eliminated and pure MCs were grown upon agar culture plating.
Therefore, besides treatment with the hyperimmune serum and non-thermal argon plasma, antibiotic treatment might help to isolate a pure MC culture.
Typical colonies carry MC forming units
Obtained results demonstrated that MCs might be obtained from the TC culture by treatment with the hyperimmune serum, non-thermal atmospheric plasm or antibiotics. Our question was whether it was antibacterial treatments that determined MC development.
Alternatively, MCs forming units could persist within a TC to survive treatments, which are nonpermissive for TC forming units. To address this question, we analyzed an isolated TC, which was not treated in any way. We used a method of colony growth in semiliquid agar to get an isolated TC of M. hominis H-34. This method allowed to get an intact M. hominis colony while otherwise the part of colony immersed into agar would be lost. The isolated colony was removed from semiliquid agar, suspended in 1 ml of the broth and plated on standard agar. Plates were incubated for 12 days. All formed colonies were counted on the 2 nd , 9 th and 12 th days (Fig. 7A ).
TCs were appeared as soon as in 24-48 h, and their number did not increase starting from the 48 h. After 120 h (5 th day), the number of TC gradually declined as a part of TCs underwent a lysis.
MCs got visible (with the magnification 300x) on the 4 h day, and reached maximal count on the 12 th day (with the magnification 120x). The relative number of MCs to TCs on the 12 th day was 4,8±2,1. Obtained results demonstrated that a pure MC culture might be obtained from a TC without any treatment.
Then we thoroughly studied the type strain H-34 M. hominis culture with SEM. The culture was routinely re-plated many times since it was obtained from Dr. Lemke in 1967 and used as a control in all studies. Both TCs and MCs were observed within the culture with SEM as well as with the light microscopy ( Fig. 7B ). TCs when observed under the higher resolution included predominantly round-shaped variable size cells (Fig. 7C) . Meanwhile, in some cases, groups of elongated roads similar to MC cells were observed within TC (Fig. 7C ). Taken together, these results suggested that MC forming units might be different from TC forming units and both were present within a typical colony. In other words, our results suggested that TC is primarily heterogenous.
Occurrence of MCs in clinical samples
Our last task was to establish how wide the phenomenon of MCs is spread. As stated above, firstly we revealed MCs in sera of patients that were tested on M. hominis. Totally, 75 samples PCR-positive samples obtained from patients with inflammatory urogenital tract diseases were studied. MCs were isolated from 37 (49,2 %) of them. Viability of MCs was confirmed by re-plating. The majority of samples were re-plated 2 or 3 times after that the culture lost its viability. Meanwhile, some cultures were re-plated repeatedly more than 10 times and maintained their viability for at least 3 years. MCs have not changed their morphology in the course of re-plating for 3 years, and TCs have never formed.
To address MC spreading in other specimen, we looked for MCs in urina and urinary stones of patients with nephrolithiasis. PCR-positive signals suggesting Mycoplasma spp persistence was found in samples of 25 of 31 patients (Table 3) (Table 4) . MCs were isolated from 7 of these 10 samples.
Mycoplasma spp were not found in PCR-negative samples. No one of samples included TCs.
Further, we studied 74 samples from patients with asthma. Mycoplasma spp specific positive PCR-results were obtained for 31 samples (42 %). MCs were plated from 10 of these samples.
Taken together, the total number of MC strains isolated from clinical specimens was 79, including 70 M. hominis, 2 M. fermentans, 2 M. pneumoniae and 5 Mycoplasma spp strains.
Prevalence of M. hominis might be related to both wide spread of this pathogen in human population and less insistence of this microorganism to cultivation conditions.
Discussion
Results presented here demonstrated a novel previously undescribed type of Mycoplasma colonies that were designated as microcolonies (MCs) as distinct from typical colonies (TCs). It is clear that MCs are not artifacts known as "pseudocolonies" that were described in early works [13] . These pseudocolonies that are very similar to Mycoplasma TCs have a solid center and filamentous periphery similar to TCs when observed with light microscopy. However, more detailed analysis revealed that these were eukaryotic cells, or aggregates formed by detergents and/or phosphoric or calcium salts of fatty acids. The phenomenon of MCs is different from these artifacts.
Bacterial cells that form MCs are not nanobacteria. Nanobacteria were described in the beginning of XXI century as bacteria with the cell size of 100-150 nm that can not be seen with light microscopy [29] . Data obtained with electron microscopy applied to study nanobacteria suggested that the observed nanocells were rather crystals of apatite or calcium salts [30] . Up to date, nanobacteria were not cultivalable that allowed suggestion about nanobacteria as a VBNC (viable but not cultivable) form of Mycoplasmas. MC forming cells are not nanobacteria as although their diameter ranged 100-120 nm, their length reached 600 nm, they grow on agar and could be replated many times.
MC forming cells cannot be described as persistors, which are dormant transiently nondividing cells present in populations of majority of bacterial species in proportion of up to 1-3 % [31] [32] [33] . MC forming cells divided and they did restore TC phenotype.
According to their relative sizes, MCs could have been assigned to so-called "small colony variants" (SCVs) [34, 35] . SCVs were described in many bacterial species including Salmonella typhi, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus spp. SCVs were suggested to be linked to chronic, recurrent, and antibiotic-resistant infections. Molecular mechanisms underlying SCV formation were well defined for S. aureus where mutations affecting electron transport, small regulatory RNAs, tymidyl, hellicase and L6 ribosomal protein synthesis were shown to be associated with the SCV phenotype [34, 36, 37] . In other words, one can speak about genetic divergence in bacterial populations that results in survival of a part of the population under selective pressure that maybe exerted by immune system, antibiotic treatment etc. The Mycoplasma colony size was shown to be dependent on cultivation medium, a loading dose, development of the nearest colonies [12] . However these variations have a transient character, and colonies restore their size when conditions improve. The phenomenon of the MCs is different, because the MC phenotype is stable and hereditary. Therefore, we suppose that appearance of MCs might be a result of genetic divergence as it was shown for some other bacterial SCVs. Meanwhile, MCs formed by Mycoplasmas seem to be more stable than SCVs formed by other bacterial species. Generally, SCVs have high rates of reversion to the normal phenotype under in vitro conditions that might be strongly selected for due to the increased growth rate of normal size colonies on laboratory media [34] [35] [36] [37] [38] . Reversion rates is an important characteristic of SCVs. Precise mechanisms of reversion have not been established for all mutations although some studies demonstrated that compensating mutations at the initially identified mutation site are responsible for the reversion phenotype that does not exclude alternative mutation sites [36] . For A. laidlawii and M. gallisepticum, mutations appeared under antibiotic pressure or starvation result in morphologic changes and a shift in proteomic patterns [39, 40] . Still, the phenotype was not stable and reverted to the normal one when the antibiotic pressure was stopped. Meanwhile, Mycoplasma MCs described here were exceptionally stable.
Regular replating for up to 3 years, cell culture and laboratory animal infection (data not shown) did not result in reversion of MCs to TCs. These data suggested that appearance of MCs might be a result of genetic divergence due to multiple mutations that prevents reversion. This suggestion is in line with relatively high mutation rates that differ Mycoplasmas from other bacterial species. Certain analogy might be given with tumor cells that appeared due to multiple mutations in somatic cells for never to revert to the initial genotype.
Obtained results suggested that Mycoplasma population is heterogeneous in absence of selective pressure. Particularly, this suggestion is supported by the following observations:
repeatedly obtained typical colonies grown in semiliquid agar, resuspended, diluted and replated gave both TCs and MCs every time; SEM demonstrated presence of rod-shaped cells characteristic for MCs within a TC or in close vicinity to TCs. These data suggested that external factors such as hyperimmune antiserum, antibiotics or non-thermal gas plasma rather killed TC cells saving MC cells alive than stimulated MC development from TCs. Still, a stimulatory potential of the factors listed can not be excluded totally. Then the question rises why MCs do not eliminate from the population as they seemed to have slower growth rates. The one answer is that we still do not exactly know how different division rates are for cells forming TCs and MCs.
The slow appearance of MCs for the observation might not be fully due to slow division rates but rather due to tight packing of cells while division rates might be comparable for TC and MC cells. Anyway, presence of MC cells within Mycoplasma population, their viability in conditions when TCs were not observed suggested that MC formation gives some evolutionary advantage to Mycoplasma species.
One of the most intriguing results obtained was resistance of MCs to antibiotics with different mechanisms of antibacterial activity. Mutations that provide resistance in Mycoplasmas to each of the studied antibiotics are established. Macrolide resistance is caused by point mutations of the macrolide-binding site located in the 23S rRNA genes or in the genes encoding ribosomal proteins L4 and L22 [41, 42] . Point mutation(s) in the 16S rRNA genes was described for tetracycline resistant mutants of M. pneumoniae [43] and M. bovis [44] . The only mechanism of fluoroquinolone resistance described in Mycoplasmas is alterations within the quinolone resistance-determining regions (QRDRs) of DNA gyrase subunits GyrA and GyrB and/or topoisomerase IV subunits ParC and ParE [41] . Meanwhile, MCs were resistant for all antibiotics tested that suggested a general mechanism of resistance. This mechanism might be due to changes in MC membrane composition or absence of certain transporter proteins.
The key question for further studies of Mycoplasma MCs is their role in human infectious
pathology. The important role in bacterial persistence in the human organism was suggested for S. aureus SCVs [34, 45] . This role is particularly due to an ability of SVC bacteria to survive unfavorable conditions and is supported by further SCV reversion into wild type forms. 
